Context Land cover change is a global multi-scale process affecting ecosystems, with potential implications for ecological processes and for the biological communities that support them. Land cover changes are especially relevant for protected areas where longterm ecosystem stability is a critical aspect of protecting and maintaining high levels of biodiversity and ecosystem functions. Objectives To understand the extent of land cover change impact on global ecosystem stability of protected areas across time and space. Methods Here we analysed 23 years of global spatial and temporal distribution of land cover change its occurrence within protected areas. We investigated whether higher land cover change rates occurred inside or outside protected areas, identified the main type of changes, and their distribution by UN region. Results Our results show that from 1992 to 2015, 4.89% of the world's land surface changed from one land cover to another, with 97.9% of this change persisting until the end of the time period. We found that regions with higher land cover change, tend to have a higher incidence of change close to protected areas, suggesting a spillover effect on these areas. Also, the proportion of change inside and outside protected areas varied considerably across UN Regions.
Introduction
Land cover change is a global multi-scale process affecting ecosystems and their ecological features (Foley et al. 2005; Pereira et al. 2012; Small and Sousa 2016) . Depending on their extent and intensity, changes in land cover can represent a complete shift of existing ecosystems [e.g. deforestation in the Amazon (Levine et al. 2016) ] or more long-term ecological adjustments [e.g. l and abandonment followed by ecological succession (Benjamin et al. 2005) ]. Characterizing these processes at the global scale entails several challenges according to regional and macro-bioclimatic specificities, as well as different land management practices. Nevertheless, several studies have shown the implications of land cover change for a number of environmental components, including: (i) climate regulation (Lambin and Helmut 2008); (ii) water cycle (Sterling et al. 2012 ); (iii) soil protection (Guerra et al. 2016 ); (iv) riverbank protection (Emberson 2017) ; (v) human pressure (Geldmann et al. 2014 ); (vi) habitat loss and fragmentation (Fardila et al. 2017; Li et al. 2018 ); (vii) biodiversity (Cardinale et al. 2012) ; among others.
Some land cover transitions are often interpreted as positive for biodiversity in a specific regional context (e.g., natural afforestation of grassland areas in the Amazon (Gunaratne et al. 2014) ). However, the same transition (i.e., from grassland to forest) can be detrimental in a different region (e.g., (Farley and Kelly 2004; Nosetto et al. 2005; Stevens et al. 2017) ). Regardless, land cover shifts affect the original state and, independently of the direction of change, the stability, composition and structure of ecosystems with potential implications for regional ecological processes and for associated biological communities (Jackson et al. 2000; Foley et al. 2007; Newbold et al. 2015) . Stable ecosystems are capable of maintaining complex biological communities and reinforce ecological mechanisms at multiple scales (Tilman et al. 2014 ). This stability is particularly relevant for protected areas where long-term goals include protecting and maintaining high biodiversity and intact ecosystem processes (López et al. 2013) .
Several studies underline the importance of protected areas to mitigate the adverse effects of human development on nature (e.g. Watson et al. 2014a; Small and Sousa 2016) . However, ecosystem change, when motivated by land use and land cover change, often pressures protected areas, undermining their ability to fulfil their conservation objectives Nagendra 2008; Joppa and Pfaff 2011; Defries and Nagendra 2017) . While protected areas mitigate the negative effects of human pressures, there is evidence that they are often extremely pressured on their borders. This pressure leaves them many times as conservation islands and, therefore, limits not only their potential to extend the effects of their conservation efforts to other areas (Hannah 2008) but also their global effectiveness on reducing the impacts of human pressures on biodiversity.
This study presents a temporally and spatially explicit estimation of global land cover change within 23 years underlying the differences between global and regional estimates and the incidence of land cover change within and outside protected areas. Ultimately, we aim to identify past and current trends of change and stability and understand how these vary over space and time.
Methods
Change is here defined, for every location i, j, as the transformation from one land cover class to another in two consecutive moments in time. To identify and quantify change at the global scale, we used a recently published land cover dataset (ESA 2017) that includes a yearly spatial representation of land cover from 1992 to 2015, at 300 m resolution. We opted for this dataset as it allows a continuous analysis of land-cover change at a high global resolution with a standardized classification and validation method (Li et al. 2016 (Li et al. , 2018 Liu et al. 2018) . Due to the temporal consistency in the land cover time series, achieved by using an innovative approach consisting in decoupling land cover mapping and change detection, this dataset allows for temporally explicit interpretations and to determine land cover change across space and time (ESA 2017) . As for many land cover products at global scale, change detection can be underestimated under the current analysis (Jamali et al. 2015; Tsendbazar et al. 2015; Liu et al. 2018) . This underestimation is related to the current limitations of land cover change detection at broader scales (Lunetta et al. 2004 (Lunetta et al. , 2006 Fuchs et al. 2015; Estes et al. 2018 ), but also with the inability to monitor and map land use change, decreasing the capacity to determine the impacts on biodiversity and ecosystems more effectively.
Land cover change was quantified at the global scale for each pair of years (i.e., 1992-1993, 1993-1994, etc. ) producing a change map and an estimation of land cover change for every period. Global land cover change from 1992 to 2015 was estimated base on the accumulated change over time, once removed all spatial overlaps ( Fig. 1 ). All the calculations of change were done using the original datasets with the full range of land cover classes. This accumulation implies that locations that changed once between 1992 and 2015 are interpreted as a land transformation in the same way that locations that changed three times. We recognise that these two locations would have different transformation dynamics, but here we focus on the assessment of overall land change independently of the frequency and direction of change. An important aspect of this analysis deals with the capacity of global change products to detect real changes in land cover (Hansen and Loveland 2012; Ban et al. 2015) . Here, although some of the land cover classes present in the dataset are wide in scope (i.e., reducing detectability and the underestimation of ecosystem change), the thematic as well as spatial resolution offered allows for a consistent assessment across the globe. Global products often have issues regarding accuracy and detectability. Nevertheless, improvements over the last few years (Hansen et al. 2013) , including the ones resulting in the dataset used here have provided an opportunity to assess the vulnerability of global ecosystems and direct policy and decision support (e.g., global forest watch; https://www.globalforestwatch.org).
We do not exclude that recent events (e.g., climaterelated) have dramatically contributed to changes in the poles. Nevertheless, considering the ability of the dataset used to capture these processes, we opted to exclude water and ice from the study area. Likewise, we also excluded the Arctic and Antarctic from the analysis.
For the assessment of protected areas, we used the 2017 version of the World Database on Protected Areas (WDPA 2017). This dataset was rasterized to the same spatial resolution as the land cover dataset (i.e., 300 m) and used to produce two distinct masks: (i) the first containing all pixels within the borders of protected areas, which was used to estimate changes within their limits (from here onwards referred to as WDPA); and (ii) the second including all pixels within Fig. 1 Diagram representing the methodological procedures to assess accumulated and annual land cover change from 1992 to 2015, at global and regional scales a radius of * 5 km from all protected areas (i.e., excluding the actual protected area) (from here onwards referred to as WDPA 5 km).
Due to the high number of classes in the land cover classification (35 classes), and although all the data were processed and analysed using the complete data and thematic resolution, results are presented in an aggregated form using a reclassified version of the original land cover classes (Table S1 ). This same reclassification was used to estimate which land cover classes were more affected through time and to produce transition matrices for every change period. Global estimates of land cover change were then disaggregated using the two WDPA masks described above and further by UN Region to investigate whether change patterns varied significantly over time, across these regions ( Fig. 1 ).
Once we obtained a time series of change, an analysis of variance (ANOVA) was performed to test for significant differences across regions. Furthermore, we evaluated whether these time series showed a significant trend [either negative (deceleration of change) or positive (acceleration of change)] in the change estimated at the global scale and by region. Such analysis was done using a piecewise regression analysis for the three subsets used ( Figure S1 ; total, WDPA and WDPA 5 km), once earlier exploration revealed that in most cases there were breaks in the progression of change over time. This regression allowed us to detect significant breaks in the time series, and further determined the year in which these breakpoints were observed. Such investigation highlighted whether the positive or negative trends in land cover change emerged earlier/later in some regions rather than others, both inside and in the vicinity of protected areas. All the statistical analyses described before were performed using R 3.2.s (R Core Team 2016).
Results

Global change
Land cover change was estimated at the global scale to be 4.89% between 1992 and 2015 ( Fig. 2a ). This value refers to the accumulated change over the entire period and shows a higher concentration of these changes on the period before 2004. Globally these changes are mostly persistent (97.9%), meaning that once converted from one land cover class to another this conversion lasts through time. Over time, we observed a significant increase (b = 0.06, t-value = 3.20, p value \ 0.001) in the area that changed annually until 1999 after which there was a significant decrease (b = -0.02, t-value = -3.68, p-value \ 0.001) until 2015 ( Fig. 2b, Table S5 , Figure S1 ). The highest change occurred between 1998 and 1999, whereas the lowest change was between 1993 and 1994. This lower value can be related to the lower classification accuracy registered in the first years of the time series (ESA 2017).
Using 1992 as a reference, the results highlight the land cover classes that were most affected by change ( Fig. 2c ). These include areas with a predominance of forest, shrubland and sparse vegetation, but also areas characterised by natural or cropland dominated mosaics. Nevertheless, these areas show different trajectories of change over time. While cropland and mosaic areas have proportionally increased between 1992 and 2015 (cropland = 2.04%, natural mosaic = 4.41%, cropland mosaic = 7.08%) both forest areas (-1.52%) and shrubland (-2.78%) have decreased globally within the period studied. These values, particularly the increase in mosaic areas, suggest an increase in the fragmentation of the landscape. It is also significant to see a global gain of 109.41% in urban areas, reflecting a higher conversion of cropland (representing 35% of the total urban increase) and herbaceous areas (representing 25% of the total urban increase) (Table S2) .
When assessing change inside and outside protected areas, we found that in their vicinity (WDPA 5 km) the percentage of change was 6.02%. At the same time, although protected areas are known for their role in reducing the overall impacts of land change, there was still a significant percentage of change inside these areas (3.91%). There was a higher percentage of change in the vicinity of the protected areas (i.e., WDPA 5 km) than the total amount of change globally (4.89%).
By comparison with the total global change, the land cover class most affected by change in the vicinity of protected areas (WDPA 5 km) were mosaics with predominance of natural areas, shrublands and areas with sparse vegetation. In the case of mosaics with predominance of natural areas and shrublands, most of these changes were related to an increase in forest areas. Whilst, in the case of areas with sparse vegetation, the most predominant transitions were to grasslands, forest, and to mosaics with predominance of natural areas (Table S3 shows the percent changes that occurred per land cover class globally and across regions; Table S4 shows all proportional changes that occurred per land cover class globally and across regions). Our results also show that urbanization had a stronger effect near protected areas when compared with the total global values (respectively 2.05% and 0.54% by 2015) and even with the changes occurring inside protected areas, despite the increase of 151% that is explained by the relatively small representation of these areas inside protected areas (0.04% in 1992 and 0.11% in 2015). 
Regional dynamics
When analysing the UN Regions, we found significant differences in the proportion of area that changed in total, inside (WDPA) and within 5 km of protected areas (WDPA 5 km) (F-values of 5.95, 4.72, and 4.51, respectively, p-value \ 0.001; Fig. 3 ). Considering the complete period , the percentage of the total area that changed varied from a minimum of 0.87% in the Arabian Peninsula to a maximum of 8.90% in South East Asia, with an average of 5.24% per region [± 0.41% standard error (s.e.)]. These Fig. 3 Regional gradients of land cover change: a classified regional assessment according to the combination of protection (here represented by the ratio between WDPA and total land cover change) and spillover effects (here represented by the ratio between WDPA 5 km and total land cover change) [white circles represent empty classes and colors represent a gradient of effects from positive (green; e.g., in the case of high protection and no spillover) to negative (red; e.g., in the case of no effect from protection and high spillover); dots represent high (red), low (yellow) and no (green) spillover effect]; b heat map of the total regional land cover change, ranging from 0.87% (green) to 8.90% (red) (for more details see Table S3 ). Grey areas represent areas outside of the scope of the analysis. (Color figure online) changes were mainly motivated by losses in forest cover, shrublands and sparse vegetation cover and gains in herbaceous areas, natural mosaics and urban areas. The results also show an increase of croplands and cropland dominated mosaics particularly in African regions and in South America. Although general trajectories can be determined, these vary across regions and continents (Table S4 ), e.g., there is higher urbanisation in Europe, particularly in Central and Western Europe, and greater deforestation in Latin America, particularly in South America.
Across regions, inside protected areas, there was an average change of 5.46% (± 0.49% s.e.), but this percentage increased to 6.39% (± 0.51% s.e.) when outside protected areas. Both minimum values for inside and outside protected areas were observed in the Arabian Peninsula. Maximum values of land cover change inside protected areas were observed for Mashriq (11.10%, mainly motivated by losses in sparse vegetation and gains in bare areas, herbaceous cover and croplands) and outside in the Western Indian Ocean region (11.46%, primarily driven by the loss in cropland dominated mosaics and the gain in natural mosaics together with forests and shrublands).
On average, changes occurring inside protected areas were lower than on its boundaries (ratio of 0.89 ± 0.11 s.e.), whereas changes within 5 km from protected areas (WDPA 5 km) were higher than the total changes (ratio of 1.27 ± 0.06 s.e.). However, such results varied considerably across regions (Table 1; Fig. 3 ). For example, while the Arabian Peninsula showed the lowest ratio (0.20) regarding WDPA change, it also showed the maximum value for the ratio between WDPA 5 km and total change (2.05), suggesting a significant pressure on the boundaries of the existing protected areas. These spillover effects were also observed in a number of other regions with low change inside protected (high protection effect), such as Western and Eastern Europe, and South America. The Mashriq region showed the highest ratio for inside/outside (2.91).
We found a strong positive relationship (r 2 = 0.78, b = 1.10, p-value \ 0.001) between total change and change within 5 km of protected areas across UN Regions (Fig. 4a ). This relationship shows that regions with high proportional change also showed a higher proportional change in the vicinity of protected areas (WDPA 5 km). Conversely, we found a weak relationship between total change and change observed inside these areas (r 2 = 0.26, b = 0.62, p-value = 0.02) (Fig. 4b) , as well as between inside and outside (r 2 = 0.23, b = 0.47, p-value = 0.03). Such results further support earlier findings that although protected areas seem to be effective in preventing land cover change, their vicinities are under great pressure to change.
Discussion
The study of ecosystem change has long captured the attention of both researchers, practitioners and decision-makers (Joppa et al. 2016) . Although ecosystem change research can and has addressed more nuanced functional changes, here ecosystem change is portrayed as consequence of land cover change and, therefore, as a more or less drastic change in ecosystem properties. It is debatable that specific land cover transitions in a given region are beneficial (e.g. successional transitions) or detrimental (e.g. deforestation) for ecosystems and biodiversity. Nevertheless, the discussion of ecosystem change (through land cover change) extends beyond this topic by assuming that any change results in consequences (positive or negative) for ecosystems and biodiversity conservation management. Globally, our results show an accumulated total land cover change of 4.89%. Although relatively small, when these results are further disaggregated, they exhibit higher variation (regionally between 0.87 and 8.90%, and nationally between 0 and 32.5%), which is in line with what other studies show about land change (e.g. Falcucci et al. 2007; Gerard et al. 2010; Hansen et al. 2013 ), giving us a higher confidence level about the general outcomes. While these numbers are impressive, these may be underestimated due to broad definition of land cover classes from the ESA dataset. This broad definition includes for example broad mosaic classes with rather large variation in forest cover. Therefore, changes that do not exceed the class boundaries go unnoticed which may result in an underestimation of ecosystem change.
Recent studies (e.g. Gray et al. 2016; Hellwig et al. 2019) suggested that protected areas reduce the pressure from multiple drivers, including land cover change. Our results partially support this statement. We showed that, with smaller incidence, protected areas are also subject to change with comparable evolution to the one identified at the global scale (Fig. 2b) . Our study quantified the difference between inside and outside protected areas but, more importantly, the potential spillover effects. Our analysis revealed that protected areas, although safeguarding important biodiversity and ecosystem values within their borders (i.e., low change, higher stability), were still subject to high pressure in their vicinity even when compared with the total amount of change. Over time, this can have severe impacts and uphold relevant drawbacks to conservation efforts as these areas have the potential to become islands within their ecological systems.
This border issue is more relevant for Northern Africa and the Arabian Peninsula, although these represent two different states regarding protection effects. While Northern African protected areas are significantly affected by change, even when compared with the overall regional change, protected areas in the Arabian Peninsula show a substantial effect of protected areas in reducing land cover change despite, overall, both regions showing a low change rate. Still, other regions with higher rate of change (Table S3) presented similar patterns of high border pressure with low (e.g., Western Africa, Caribean) and high protected area effects (e.g., South East Asia, South America).
Our results highlight the positive influence of protected areas in halting ecosystem change (Table 1 , e.g. South America) and the opportunity, at the global scale, that these regions offer to expand the current benefits of protected areas. In fact, 86% (18 in 21) of the regions assessed showed more pressure next to protected areas than the total global change (Fig. 3) . With a few exceptions (i.e., South Pacific and Mashriq with a higher percentage of change inside protected areas and Central Africa with no net effects), our regional results showed an overall positive influence of protected areas in reducing the dynamics of land cover change. These exceptions may result from current conservation policies and regulations (Watson et al. 2014b ) but may also be a consequence of lack of enforcement power resulting from internal national crises (e.g., war zones) or lack of governmental capacity (Adenle et al. 2015) . This is shown by our results for Central Africa where there is almost no difference between the percentage of change inside and outside protected areas within the region. For regions like South America, assuming current rates of change, expanding current protected areas, and/or creating new ones, can have a more lasting effect in halting land cover change than in regions like Central and Eastern Africa where this effect is not so clear. Furthermore, the existence of spillover effects should be integrated in the design of protection strategies as to avoid a simple displacement of land cover change. This is particularly important for megadiverse regions where small changes in the protection strategy may lead to significant results for conservation.
Overall, these results support the differentiation of regional conservation policies as regions showed significant differences between themselves. This need for differentiation is even more relevant when framed within current global conservation targets (e.g., Aichi targets 5, that includes a call to halt the rate of loss of all natural habitats, including forests, and 12, that includes a call to prevent the extinction of known threatened species). In fact, to successfully contribute to these targets, new protected areas (i.e., in the scope of Aichi target 11, that includes a call to increase global protected area coverage) must be strategically located (Baldi et al. 2017 ) not only considering the biodiversity and ecosystem values that they aim to preserve but also the effectivity of current conservation to halt ecosystem change. In the scope of the Sustainable Development Goals and the redefinition of the global nature conservation challenges, policy makers should focus their attention on more integrative views where multiple views of the concerns a protected area (e.g., connectivity, ecosystem change, internal and exogenous pressures and impacts) are included and not only their extent. Using platforms like the Digital Observatory for Protected Areas (DOPA) is a first step in the right direction, but it has to be complemented by a clear policies that use multiple indicators to assess the outcomes of nature conservation around the world.
At the same time, it is necessary to flag critical regions where conservation action shows signs of Fig. 4 Correlation at regional level of a total land cover change and change occurring within 5 km of existing protected areas; and b total land cover change and change occurring inside protected areas. Dotted line represents a linear regression (r 2 = 0.78, and r 2 = 0.26, respectively) between the two covariates being severely hampered (Watson et al. 2014b ). These protected areas and regions, deserve not only particular attention from the international community but also from national authorities to monitor and assess potential problems within their conservation strategy, resources and implementation capacity. It is also necessary that governments and conservation management agencies pay attention to areas surrounding protected areas and, when needed, develop specific actions to reduce impacts and pressure from land cover change.
Global initiatives like the World Database on Protected Areas (WDPA 2017) and the Digital Observatory for Protected Areas (Dubois et al. 2016) are already allowing for a better understanding and flagging of critical situations by assessing protected areas from a multidimensional perspective. Additionally, our results show that improving the effectiveness of conservation policies to halt ecosystem change needs to go further than establishing incremental goals for protected area coverage. Recent research, including for other realms (e.g., Gill et al. 2017 ) already shows that a special focus on actual capacity and management activities is needed when evaluating current protected area coverage and outcomes.
